Femtosecond pump-probe experiments have been carried out on circular single gold nanostructures lithographed on a silicon substrate with diameters ranging from 1.1 down to 0.3 μm and thicknesses of 175 down to 55 nm. Using three-dimensional finite-element simulations coupled to the specific detection rule of interferometric measurements, we illustrate the effect of intrinsic parameters such as the size and the boundary conditions on the vibrational spectrum. The possibility of using these artificial nanostructures for acoustic transduction in the underlying substrate is investigated. Gold nanostructures are good candidates to generate monochromatic transverse bulk waves in the gigahertz frequency range, with frequency tuned by the dot size.
I. INTRODUCTION
The optoacoustical response of single submicronic structures is currently drawing a great deal of interest for fundamental and technological applications. The surface-plasmon resonance, related to size reduction in the nanometer scale, is one of the most illustrated phenomena. 1 Vibrating mechanical components with high-quality factors are intensively studied for bandpass filters in radio applications. 2 Picosecond ultrasonic measurements with high spatial resolution are well adapted to study the vibrational landscape of such individual structures. 3 Indeed, local investigations on single resonators here are free from the averaging process. In 1984, Maris introduced the picosecond ultrasonics technique, which uses femtosecond laser pulses to generate and detect acoustic waves. 4 One of the advantages of this powerful technique is the large frequency domain of the generated acoustic waves, mainly imposed by the optical properties of the materials. In this way, a frequency range from 100 GHz up to 1 THz is now achieved, overcoming by three orders of magnitude the bandwidth limitations associated with standard piezoelectric sensors. These ultrashort acoustic waves have been used to investigate acoustic properties in various systems, such as thin films, 5 superlattices, [6] [7] [8] isolated dots. [9] [10] [11] or buckling structures. 12 Although mostly longitudinal waves are generated in such experiments, shear wave generation and detection have also been considered in picosecond ultrasonics. The propagation of surface acoustic waves, induced by micrometer laser spot excitation, 13 has been performed in various systems. 14 Recently, the acoustic diffraction effect in a thin layer has been investigated, and it was revealed that both bulk and surface waves could be generated. 15 The conversion mode at the interface between isotropic film and anisotropic substrate 16 or laser generation in a tilted anisotropic system 17 have also been investigated as an alternative approach to generate bulk shear waves. Different mechanisms of shear wave generation in picosecond ultrasonics could be found in Refs. 18-20. Here we emphasize that the frequency of the shear waves is, however, strongly correlated to the sample elasticity and the laser spot size.
In the past, periodic confined systems have been considered to be an efficient way to create surface waves with tunable frequency. 21, 22 Recently, longitudinal waves generated by gold nanoparticles in the surrounding matrix have been demonstrated, 11 but the emission of bulk transverse waves by a local resonator in the gigahertz range has not yet been reported. As a consequence, a transducer able to emit a tunable acoustic pulse with a transversal polarization is still needed.
In this paper, time-resolved picosecond acoustic measurements on a series of single gold lithographed nanostructures with thickness ranging from 45 up to 175 nm and a diameter of 1.1 μm down to 0.3 are presented. In the first part, a better understanding of the experimental vibrational spectrum has been achieved mixing three-dimensional (3D) finite-element simulations and specific experimental detection rules. The last part is devoted to the large potential of such lithographed structures to act as a tunable bulk shear wave's transducer. Acoustic transmission across a thick silicon wafer of bulk shear waves with different frequencies is demonstrated and related to the relaxation of a given specific mode of vibration.
II. EXPERIMENTAL DETAILS AND SAMPLE DESCRIPTION

A. Sample preparation
A standard lift-off process is used to create a pattern of circular dots with diameter ranging from 1.1 down to 0.3 μm. Until 0.5 μm, direct uv laser lithography (for printing the pattern in a negative resin) gives a satisfactory optical resolution. For a smaller size, electron-beam lithography with usual PMMA photosensitive resins is mandatory. Figure 1 shows a typical pattern of circular dots (with a well-defined cylindrical shape) on a 160-μm-thick (100) silicon wafer. A small fluctuation of the dot side has been observed with an edge roughness estimated at 10 nm. The gold nanostructures have been organized into a 2D square lattice for experimental convenience. The lattice parameter has been chosen larger than the pump-and-probe spot diameter to realize individual excitation and detection of dot vibrations. In the present work, the chromium layer buffer, usually used to obtain a good gold adhesion, has been suppressed. Then possible variations of the elastic properties such as the Young modulus or the Poisson ratio could exist. This choice has been motivated to reduce the substrate influence on the dot's individual mode of vibration (cf. Sec. III A).
B. Picosecond ultrasonics
A femtosecond laser pulse (the pump beam), absorbed at the sample surface, generates acoustic waves by thermal expansion, which propagate inside the material. The real and imaginary parts of the relative change of surface reflectivity [ r(t)/r 0 ] induced by the strain field can be measured either by reflectivity [23] [24] [25] or interferometric measurements, 26-29 using a time-delayed laser pulse (commonly called the probe beam). In a 1D photoacoustic model, the change of sample reflectivity induced by an acoustic wave is given by the following equation:
with n the optical index, ∂n/∂η the photoelastic coefficient, u (0,t) the surface sample displacement, and η (z,t) = ∂u z /∂z, with u the displacement field and z the coordinate perpendicular to the surface. Briefly, we use a mode-locked Ti:sapphire (MAI-TAI Spectra) laser source operating at 800 nm, with a repetition rate around 79.8 MHz. The pulse time width is less than 100 fs at the laser output. The pump beam is modulated at 1.8 MHz to perform synchronous detection on the sample reflectivity.
The front side configuration [described in Fig. 2(a) ] is used to study the vibrational response of a single nanostructure. The pump and probe are focused by the same objective with a numerical aperture equal to 0.9. The probe spot diameter d is estimated to be 0.75 μm at 1/e 2 on the Gaussian intensity profile. The sample, fixed on a piezoelectric stage, can be moved in the focalization plane to select a single dot. In this geometry, scattered light coming from the pump strongly affects the lock-in detection. To avoid such a parasite signal, a two-color experiment is performed by doubling the pump frequency (λ = 400 nm) with a nonlinear crystal. Then, a dichroic filter located in front of the diode system suppresses the pump diffusion. Finally, acoustic measurements using a stabilized Michelson interferometer have been recorded. More experimental details about this front side configuration could be found elsewhere. 30, 31 The back side configuration [ Fig. 2(b) ] has been used to investigate the transduction properties of the lithographed dots. The pump is focused here on a single dot into a 3-μm-spot size. After propagation through the silicon substrate, the acoustic response is recorded through the change of the probe reflectivity on an aluminum layer (100 nm) deposited at the opposite side. The probe objective is fixed on a second piezoelectric stage, which allows us to locate the pump epicenter through an acoustic field mapping. More experimental details about this back side configuration are described in Refs. 8 and 32.
The probe and pump powers used to perform the acoustic measurements have been measured at 3 and 1 mW, respectively. Owing to the laser modulation, the pulse energy E L is approximately 37.6 pJ for the probe and 12.5 pJ for the pump. The laser power density for a spot of diameter d is defined by (2) with τ l the laser pulse duration. Taking into account the gold reflectance at 400 and 800 nm, 33 and a laser spot diameter of 0.75 μm, the total power density deposited on a gold dot is estimated at 38 GW/cm 2 . This value is slightly higher than the theoretical ablation thresholds I of about 22.3 GW/cm 2 , 34 nevertheless no damage on the dots has been observed during the measurements.
III. RESULTS AND DISCUSSION
A. Gold nanostructure vibration
The time evolution of r(t)/r 0 for a dot is mainly dominated by oscillations with a spectrum determined by its shape, the elastic properties, and by the boundary conditions at the interface with the substrate.
In a first step, the acoustical response of a single gold dot with 0.9-μm diam and 55-nm thickness has been measured. Figure 3 shows the imaginary part of the optical reflection of a gold dot compared with the one recorded on the silicon substrate (between the dots). Superimposed to the thermal background, the acoustic signal of the substrate [ Fig. 3(a) ] is characterized by typical oscillations, so-called Brillouin oscillations, resulting from interferences between light reflection by the surface and the acoustic pulse propagating into the semitransparent silicon substrate. For a normal incidence, a frequency F = 2nV cos(θ )/λ = 77.9 GHz (with n the optical index, V the sound velocity, λ the wavelength of the probe and θ the incident light angle) is expected, in excellent agreement with our experimental findings, namely 78.0 GHz. However, the signal recorded onto a single gold dot exhibits quite a different acoustic feature [ Fig. 3(b) ]. Following the electronic response, large oscillations are observed over an extended time scale, up to 6 ns. No Brillouin oscillations can be observed in the fast Fourier transform (FFT) signal, which is consistent with the fact that no probe light reaches the silicon substrate due to a probe size (0.75 μm) smaller than the dot diameter. As shown in Fig. 4 , the acoustic response of the gold dot presents several characteristic frequencies ranging from 0.85 to 5.2 GHz.
This set of frequencies corresponds to the vibrational modes, characteristic of the object (the dot) and the boundary conditions. An assignment of each vibrational mode can be obtained through a vibroacoustic modeling work based on 3D finite-element simulations. This technique is well adapted to our case, being able to account for different boundary conditions over the whole surface of the studied dot. Hypothesis and technical details of our calculations can be resumed as follows. The structure is decomposed into simple elements with mechanical behavior reduced to the motion of the mesh points. The dots have been meshed with a standard tetrahedral parabolic with an average edge of 25 and 15 nm in height. For an accurate calculation, small elements are required for a better approximation of the geometry. Nevertheless, the computing time is lengthened, and a compromise may be found. In the present work, the mode extraction was carried out with approximately 14 000 tetrahedrals. We have checked that increasing the number of elements produces a shift of eigenfrequency values smaller than the experimental resolution. In the end, the mass and stiffness matrices of the complete structure are computed, and give access to vibration modes.
For a gold dot on silicon, the mismatch of the acoustical impedances (of around 72%) is very large. Consequently, the lifetimes of the nanostructure vibrational modes should be large [see Fig. 3(b) ] since the acoustic energy is expected to leak slowly into the silicon substrate. In that case, the dot may be reasonably described as an isolated system. Thus, the dot eigenmodes have been calculated here including free boundary conditions at all the dot interfaces. Nevertheless, the simulated response, displayed in Fig. 5 , is obviously more complex than the experimental one: the dot exhibits a larger number of eigenmodes within the same frequency range. Therefore, we need to take into account the detection rule related to the interferometric scheme used in our picosecond experiments.
Similar reflectivity experiments performed on the single Au dot show no oscillation signature. Consequently, the photoelastic mechanism could be neglected, and then the only relevant quantity in Eq. (1) is the dot surface displacement perpendicular to the surface. To calculate the detectable signal of each vibrational mode in the experimental spectrum, a modulation of the dot displacement by a Gaussian probe intensity profile has been carried out using the following equation:
with u s the normal dot surface displacement, D the dot diameter, and d the size of the probe spot (here 0.75 μm) As a direct and obvious consequence, the vibrational modes dominated by in-plane strain give no detectable signal. In Fig. 5 , we have pointed out (up to 5.3 GHz) the vibrational modes that give a signal according to our detection scheme. In very good agreement with the experimental spectrum of the dot, seven typical frequencies can be observed around 0.9, 1.7, 1.9, 3, 4.2, 4.3, and 5.6 GHz. The normal surface displacement component of the vibrational modes that are detected is displayed in Fig. 6 . It appears very clearly that the symmetry of these modes follows the axial energy distribution of the pump beam.
Finally, to investigate the dot dimension effect on the frequency resonance, a set of experiments and calculations with different dimensions has been performed. Table I presents the experimental frequency detected and the first detectable modes, presented in Fig. 6 , in accordance with the detection (3). An excellent agreement between theoretical and experimental data is obtained, even though changes in dot dimensions are tiny. The small deviations can be ascribed to the previous observable roughness of the dot. For example, a fluctuation of 20 nm on a 0.3-μm-diam dot modified the frequency position of the acoustic modes by 5%-10%. One can also notice that some modes are missing in the experimental spectrum, probably due to the finite lifetimes of the vibrations, which broaden the experimental peaks and the excitation processes. The excitation processes play also a major role in the vibrational landscape of a nanostructure. For example, it cannot be expected that modes of vibration exhibiting a complex pattern of deformation without the axial symmetry can be efficiently excited with a Gaussian. Moreover, if Eq. (3) is applied on such distributions, the predicted signal is close to zero. Therefore, in the case presented in this paper, both the excitation and the detection process should be taken into account to explain why only the specific modes shown in Fig. 6 can be observed.
Whereas vibrational modes with out-of-plane displacements have only been revealed in picosecond acoustic measurements, the vibrational landscape presented in Fig. 5 suggests that more complex modes including in-plane dot modes may be excited. The dots are only weakly bonded to the substrate, as previously suggested by their experimental vibrational spectrum, but nevertheless some acoustic energy leaks into the substrate and the dot may act as a generator, even if the transduction efficiency may be increased with a better matching between the dot and the substrate. The last part of this paper is focused on the transduction properties of such gold nanostructures into the substrate.
B. Generation of tunable transverse bulk waves
To investigate the transduction properties of the gold nanostructures, experiments in the back side configuration have been performed. Here, the pump is focused on the side where the nanostructure array has been patterned, whereas the probe recorded the acoustic response through the change in reflectivity of an aluminum layer (100 nm) deposited on the opposite side. Figure 7 displays the time-resolved signal detected with a probe fixed at the pump epicentre. The time origin was arbitrarily taken just before the broad dipolar signal.
The upper curve displays the signal detected when the pump beam is localized between the dots. First we detected a broad structure and around 4 ns after a small kick is revealed. It is well known that phonon propagation in anisotropic systems gives rise to specific properties. In particular, quasitransverse and quasilongitudinal waves exist with different phase velocities and energy distributions. Such behavior has been intensively studied in the so-called phonon focusing phenomenon. 35 Recently, picosecond experiments have revealed similar results with high-frequency coherent waves in Si. 36 In the present case of a transmission experiment on a very thick substrate, the traveling time of both transverse and longitudinal waves is larger than the laser repetition time, but the acoustic signal can be detected by a probe pulse emitted after the pulse of generation; therefore any acoustic event is folded back in a time window of 12.5 ns, which explains why a transverse signal may be detected before a longitudinal one. Taking into account the sound velocity of the transverse (5.8 nm/ps in [100]) and longitudinal (8.4 nn/ps in [100]) waves, the silicon thickness, and the laser repetition rate, the time separation between these acoustic signatures is estimated to be 4 ns, in very good agreement with experimental results. As the pump is focused on a single gold dot, an additional oscillatory signal is observed [see Fig. 7(b) ], starting at the same time as the transverse signal of the silicon. To demonstrate conclusively that this additional signal, coming from the dot excitation, presents a transverse polarization, acoustic mapping has been done around the pump epicenter. A typical snapshot of the sample displacement is presented in Fig. 8 . The signal detected with a pump besides the dot is presented in Fig. 8(a) . Solving the Christoffel equation for a silicon cubic lattice, such a wave front imaging may be clearly ascribed to the propagation of a slow transverse wave; for details, see Ref. of the added diffracted signal coming from the dot [ Fig. 8(b) ] presents exactly the same symmetry, in good agreement with a slow transverse generation.
Moreover, we emphasize that the frequency spectrum of this additional signal depends on the dot diameter, as shown in Fig. 9 . The main frequencies detected for gold dot with respective diameters of 1.1, 0.9, and 0.5 μm are 1.3 ± 0.2, 1.7 ± 0.2, and 3.5 ± 0.2 GHz, respectively. Finally, in Fig. 10 , the generation efficiency is investigated in terms of the position of the pump beam over the gold dot with a fixed probe position. We observed a maximum of the transverse generation when the pump is located right in the center of the dot. Now to determine the mode that emits such transverse waves, the dot displacements in the plane parallel to the substrate surface must be considered. Among all the previous simulated eigenmodes presented in Fig. 5 (blue crosses), the best candidate is the vibrational mode described in Fig. 11 , exhibiting the larger in-plane displacement. The frequency of this first breathing mode has been calculated for different dot sizes, as shown in Fig. 12 . The dependence of the frequency versus the dot diameter follows a 1/D law without any influence of the thickness for the dots studied here. 37 We can notice a good agreement between the simulations and the experimental frequencies. Therefore, transverse waves with tunable frequency can be obtained by changing the geometric parameters of the dots. So using such lithographed dots, transverse waves can be excited without any constraint link to the elasticity, the orientation, or the anisotropy of the system under study.
IV. CONCLUSIONS
In this paper, we have detailed our investigation of the vibrational behavior of lithographed gold structures. Mixing 3D finite-element simulations and experimental detection rules, the experimental vibrational spectrum in the gold structures is reproduced with good accuracy. It is shown that acoustic resonances at frequency up to 11 GHz can be excited, a value that could be even higher if smaller or harder structures could be efficiently excited. Finally, using acoustic transmission measurements, we clearly evidenced that such lithographed structures may be good candidates for an efficient transduction of bulk transverse waves. Using dots with different diameters, we illustrate the possibility to tune the frequency of this acoustic emission.
In the near future, by arranging the distribution of these acoustic sources and controlling their size, we might consider creating specific acoustic patterning including a frequency control, as has already be done in the ondulatory optical field, or in medical ultrasonics at a lower frequency range. High-frequency transverse wave generation opens a large field of applications, such as measurements of stiffness or transverse viscosity, the study of solid-liquid phase transitions, 38 or high-speed tribology.
